The mechanism of 4 p 1 P 1 →4p 3 P J intersystem crossing ͑ISC͒ following excitation of the 4 p 1 P 1 level of matrix-isolated atomic zinc is investigated using a pair potentials approach. This is achieved by extending earlier ISC calculations on the Zn•RG 2 and Zn•RG 3 complexes to the square planar Zn•RG 4 and square pyramidal Zn•RG 5 species which are the building blocks of the Zn•RG 18 cluster used to represent the isolation of atomic zinc in the substitutional site of a solid rare-gas host. ISC predictions in these clusters are based on whether crossing of the strongly bound 1 A 1 states, having a 4p
I. INTRODUCTION
Matrix-isolated atomic zinc has been examined in detail 1 both experimentally, with luminescence spectroscopy, and theoretically, from a pair potentials approach. A key feature of the luminescence spectroscopy in the Zn-RG matrix systems (RGϭrare gas) is the existence of pairs of emission bands. A summary of the luminescence spectroscopy in the Zn-RG systems is presented in Fig. 1 for annealed samples at 9 K. By exploiting the intrinsic fourfold symmetry of the cubooctahedral substitutional site, McCaffrey and Kerins 1 developed a Zn•RG 18 cluster model which accounted for the pairs of emission bands observed in the Zn-RG matrix systems. Two vibronic modes were identified as being responsible for the production of the pairs of emission bands following photoexcitation of the 4p 1 P 1 ←4s 1 S 0 absorption band. An in-phase contraction of four rare-gas atoms on a plane towards the zinc atom, labeled the ''waist'' mode Q 3 , produced the higher energy emission bands while motion of the guest zinc atom towards one of the two octahedral interstitial sites adjacent to the substitutional site occupied in the ground state, the ''body'' mode Q 2 , produced the lower energy bands.
Another key feature of the luminescence in the Zn-RG matrix systems 2 shown in Fig. 1 , is the different extents of 4 p 1 P 1 →4 p 3 P J intersystem crossing ͑ISC͒ occurring for atomic zinc isolated in Ar, Kr, and Xe hosts after 4p 1 P 1 excitation. As shown in Fig. 1 , only a pair of spin singlet emission bands are observed in the Zn-Ar system 2, 3 at 219 and 238 nm without any trace of spin triplet emission. For Zn-Kr, as in the Zn-Ar system, a pair of spin singlet bands are observed at 239 and 258 nm, but in this case with very different intensities. In starker contrast to the Zn-Ar system, there is also a triplet emission band at 312 nm in Zn-Kr, the intensity of which is temperature dependent. 2 Excitation into the singlet 4p 1 P 1 ←4s 1 S 0 absorption band of Zn-Xe produces no spin singlet emission at all, with emission occurring only as the pair of spin triplet bands at 356 and 399 nm.
The results for ISC in the Zn-RG matrix systems can be compared to the simpler situation of the gas phase, where the Zn(4s4 p 1 P 1 ) state interacts with only one rare-gas atom. The evidence is strong that ISC is very inefficient for both Ar and Kr atoms, while it is moderately efficient for Xe. In ''full-collision'' studies it is known that the cross section for deactivation of Zn(4s4 p 1 P 1 ) by Ar is extremely low 4 ͑ Ͻ5ϫ10 Ϫ4 Å 2 , or less than one deactivation per 10 5 collisions͒, while that for the deactivation of Zn(4s4p 1 P 1 ) by Xe is moderate 5 (3.8 Å 2 , one deactivation in 10 collisions͒. In the Zn( 1 P 1 )ϩXe collision work of Umemoto and co-workers 5 it has been shown by laser pump-probe spectroscopy that the deactivation is entirely due to ISC production of Zn(4s4p 3 P 2,1 ). With regard to equivalent ''half-collision'' studies, which are more comparable to matrix conditions, the Zn•Ar( 1 ⌸ 1 ) and Zn•Kr( 1 ⌸ 1 ) states fluoresce strongly 6, 7 with no evidence for ISC production of Zn(4s4 p 3 P J ) states by predissociation. 11, 12 potentials of the Zn•RG diatomics, the role played by the two lattice vibrations, Q 2 and Q 3 , in the corresponding 1 A 1 / 3 E predissociative ISC mechanism of matrix-isolated atomic zinc will be examined in this paper. Before the ISC behavior of the Zn-RG matrix systems is examined, that occurring for the Zn•RG n clusters of relevance to the matrix work will be treated. The Zn•RG n cluster species in question, with nϭ3, 4, and 5 pertain to triangular, square, and square pyramid arrangements of rare gases, respectively. The objective of the present paper is to see if the pair potential approach, used with success in simulating 1 the matrix luminescence spectroscopy, can also be used to explain the recorded ISC behavior of atomic zinc isolated in the solid rare gases.
II. METHODS

A. Theoretical simulations
The theoretical methods used in the cluster 11 and matrix 1 calculations have already been published so presentation here will be restricted to detail pertaining specifically to the ISC mechanism. The molecular constants of the bound excited 1, 3 ⌸ Zn(p x ,p y )•RG state potentials, V 1,3 ⌸ (R), have been estimated from experimental data 11 and are described by Morse functions. The repulsive excited 1, 3 ⌺ Zn(p z )•RG state potentials, V 1,3 ⌺ (R), are described by repulsive exponential functions, obtained by fitting 11 analytic functions of the form V(R)ϭAe Ϫ␤(R) to the calculated ab initio points. 12 The parameters of these molecular potentials are collected in Table I . The cluster calculations were all performed with the rare-gas-rare-gas distances set at the bond lengths of the rare gas dimer molecules whose values are collected in Table II . The matrix calculations were performed for a quasimolecular Zn-RG 18 cluster species composed of the 12 FIG. 1. Excitation and emission spectra recorded at 9 K in the annealed Zn-RG matrix systems. The excitation wavelengths used in producing the emission spectra were 207, 212, and 220 nm for Zn-Ar, Zn-Kr, and ZnXe, respectively. The spectral positions of the resonance singlet 4s4p
1 P 1 -4s 2 1 S 0 and triplet 4s4p 3 P 1 -4s 2 1 S 0 transitions of atomic zinc in the gas phase are shown by the dotted vertical lines for comparison. Note the increased intensity of the triplet emission bands on going from Ar, where none is observed, to Xe, where only triplet emission is observed. The relative intensity of the triplet emission in the Zn-Kr system exhibits a temperature dependence in the range 10-40 K. nearest-neighbor rare-gas atoms in the first sphere surrounding the zinc atom in the substitutional site, at a distance R ϭa/ͱ2, and the six atoms in the second surrounding sphere, at a distance of the lattice parameter Rϭa from the zinc atom. The lattice parameters, a, and site diameters for the solid rare gases are collected in Table III . The key expressions 1, 11, 13 for ISC in the cluster and matrix systems are the following functions:
which give the energy of the strongly bound 1 A 1 state and the repulsive 3 E states for n Zn-RG pairs of interactions considered. In these expressions V 1 ⌸ (R) and V 1 ⌺ (R) are the bound and repulsive excited singlet p-state potentials, respectively, of the diatomic Zn•RG molecules, while V 3 ⌸ (R) and V 3 ⌺ (R) are the spin triplet equivalents. j is the angle between the axis of atomic zinc motion, the ''approach axis,'' and the position of a particular rare-gas atom in a cluster or in an fcc lattice.
The summation in the general expressions given by Eqs. ͑1͒ and ͑2͒ for a Zn•RG n cluster can be replaced by more manageable products when calculating the energies of high symmetry C nv species. Thus for the Zn•RG 3 and Zn•RG 4 clusters the expressions for the 1 A 1 and 3 E states are
where nϭ3 and 4. For the square pyramidal, C 4v Zn•RG 5 species, the term V 1 ⌺ (Rϩr) must be added on to Eq. ͑3͒ and the term V 3 ⌸ (Rϩr) added to Eq. ͑4͒, with nϭ4 in both equations, to obtain the energies of the bound 1 A 1 and repulsive 3 E states, respectively. In the Zn•RG 5 systems, r is the distance of the rare-gas atom on the apex of the square pyramid to the base of the square pyramid, which is a constant, given the rigid cluster calculations done. As outlined in the preceding 14 and earlier articles, 1 the fourfold symmetry of the fcc rare-gas lattices allows the 18 rare-gas atoms considered in the Zn•RG 18 matrix calculations to be categorized into four groups. Expressions similar to those listed above for the square planar Zn•RG 4 and square pyramid Zn•RG 5 cluster species listed above are used for the atoms in these categories. Further details are to be found in the preceding 14 and earlier publications. 
III. RESULTS AND DISCUSSION
A. Rare-gas clusters
The approach taken in the analysis of ISC is an extension of the proposal made originally by Breckenridge and Malmin 10 in their gas-phase study of the quenching of excited p-state metal atoms by rare-gas atoms. In particular it was proposed that the efficiency of 1 P 1 -3 P J intersystem crossing in these systems was related to whether a predissociative curve crossing occurs between a strongly bound 1 ⌸ 1 state and a repulsive 3 ⌺ 1 state for the M•RG diatomics. This mechanism has recently been extended by the Salt Lake City group 11 in an analysis of the ISC in M•RG n (MϭMg and Zn͒ cluster species for nϭ2 and 3. The bound 1 A 1 and repulsive 3 E state potentials responsible in this kind of predissociative ISC mechanism for the M•RG n cluster species (n ϭ3, 4, and 5͒ and the Zn/RG matrix systems of interest here are given explicitly by Eqs. ͑1͒ and ͑2͒, respectively, for the n M•RG interactions in the cluster.
Predictions of ISC in the Zn•RG n cluster species were made by examining whether curve crossing of the bound 1 A 1 and repulsive 3 E states occurred for the perpendicular approach of the excited p-state Zn atom to the rare-gas clusters. The rare-gas-rare-gas bond lengths in these potential-energy calculations are all set at those of the rare-gas dimers, listed in column two of Table II , while the geometries of the Zn•RG 3 , Zn•RG 4 , and Zn•RG 5 clusters are fixed as triangular, square, and square pyramid, respectively. The sizes of the planar RG 3 and RG 4 cluster species are indicated in Table II by the distance, r, of each rare-gas atom to the center of the cluster. For the square pyramidal RG 5 cluster r is the distance of each rare-gas atom to the center of the base of the square pyramid.
Results of the present Zn•RG 3 calculations are shown in Fig. 2 II. The rare-gas-rare-gas distances used in the Zn•RG n clusters are the bond lengths, r e , of the ground electronic state listed in Table I for the rare-gas dimer molecules. The distance, r, is the distance each rare-gas atom is from the center of mass of the planar rare-gas clusters or, in the RG 5 case, to the base of the square pyramid structure. The value r is obtained using the formulae rϭr e /ͱ3, r e /ͱ2, and r e /ͱ2 which pertain to the triangular, square, and square pyramid structures of the Zn•RG 3 in the middle panel in Fig. 2 , at an energy in excess of the 1 P 1 asymptote. Only in the Zn•Xe 3 cluster is there a 1 A 1 / 3 E crossing which will promote ISC. In contrast to the Zn•RG 3 species we find, as shown in Fig. 3 , that all the Zn•RG 4 species exhibit 1 A 1 / 3 E curve crossings. The situation for the approach of a 1 P 1 Zn atom to a square pyramid of five raregas atoms, shown in Fig. 4 , is quite different to the Zn( 1 P 1 )•RG 4 species in that only the Zn•Xe 5 cluster shows curve crossing. While the rigid C 4v Zn•RG 5 cluster species may be of little significance in the gas phase, they are of particular importance in the solid environment of rare-gas matrices since they represent the octahedral interstitial sites into which the excited p-state Zn atoms can migrate from an originally occupied substitutional site.
A summary of the ISC predictions for the Zn•RG n clusters, based on 1 A 1 / 3 E curve crossings, is presented in Table  IV . These results show that ISC is: a͒ much more favorable for the xenon clusters than the argon and krypton clusters and b͒ depends strongly on the geometry of the Ar and Kr clusters. As noted by Kaup 4 . Perpendicular approach of a p-state Zn atom, along the symmetry axis, to the base of a square pyramid of five rare-gas atoms. The variable R is the distance to the base of the square pyramid. The influence of the apical rare-gas atom can be seen by comparing with the curves obtained for Zn•RG 4 cluster species. Particularly noteworthy is the decrease in the binding energy of the A 1 states due to the repulsive p z -type interaction between the approaching zinc and the rare-gas atom on the apex of the pyramid. A reduction in the repulsion of the E states also arises because of the attractive p x and p y -type interaction which this atom has with the approaching zinc. In this case only the Zn•Xe 5 cluster shows a 1 A 1 / 3 E curve crossing. 3 and Zn•RG 4 species correspond to the perpendicular approach of a p-state Zn atom to the center of a triangular and square arrangement of the rare-gas atoms. That of the Zn•RG 5 is for a similar approach to the base of a square pyramid of rare-gas atoms. During the calculations all of the rare-gas bond lengths are held fixed at the values of the ground-state dimers. The matrix calculations shown in the two columns under the revised heading were performed with the ''recommended'' 3 ⌺( p z ) state potentials quoted in Ref. 11 
B. Rare-gas solids
In a simulation of the ISC occurring in the solid-state environment of the matrix, 18 distance and angle terms are taken into account to generate the 1 A 1 and 3 E curves using Eqs. ͑1͒ and ͑2͒, respectively. The results of these calculations are shown in Figs. 5 and 6 as a function of the two vibronic modes considered, the body and waist modes Q 2 and Q 3 . It can be seen in these figures that 1 A 1 / 3 E curve crossings occur in all the Zn-RG matrix systems. ISC predictions based on these crossings are presented in the center columns in Table IV , in which it appears that the two modes induce ISC in all of the Zn-RG systems.
The ISC predictions for the Zn-Ar system, based on 1 A 1 / 3 E curve crossings, are clearly at variance with the recorded luminescence, shown in Fig. 1 , in that no triplet emission is observed in the temperature range accessible in solid argon, i.e., TϽ33 K and only a minor amount of triplet is present in Kr. To ascertain the reason for this disagreement, the assumptions implicit in the calculations were reexamined. Since the ISC behavior in the Zn-Ar system is particularly clear-cut, the reason for the large discrepancy in the theoretical predictions was sought in detail for this system.
Two factors are considered in this regard. The first, particular to the Zn-Ar system, relates to the site occupancy that atomic zinc will have in the solid Ar host. The other, which is generally applicable to the Zn-RG systems, is the reliability of the repulsive 3 ⌺ 1 potential curves taken directly from the ab initio calculations 12 and used to represent the repulsive triplet 3 ⌺(p z ) curves of the Zn•RG diatomics.
C. Site occupancy in Zn-Ar
Because of the mismatch in the equilibrium internuclear separation of Zn•Ar in the ground electronic state, 4.18 Å, and that of Ar dimer, 3.76 Å, it is expected that occupancy of atomic zinc in a substitutional site of an undisturbed Ar lattice will be cramped. The method used to determine the dimensions of the site of isolation of atomic Zn in a relaxed Ar lattice has been presented in the preceding article 14 and elsewhere, 15 indicating a site 0.122 Å larger than the diameter of a substitutional site of an undistorted Ar lattice.
When the 1 A 1 and 3 E curves of the body and waist modes were recalculated with this 0.122 Å increase in the substitutional site diameter, curve crossing still occurred for both modes. 15 Thus we conclude that the size of the Ar site accommodating the guest Zn atom has only a minor effect on the ISC process. The lattice relaxation procedure outlined for the Zn-Ar system was repeated 15 for the Zn-Kr and Zn-Xe systems indicating substitutional site expansion of only 0.057 and 0.002 Å for Kr and Xe, respectively. These values are so small that 1 A 1 / 3 E curve crossings are not changed from the results obtained for the undisturbed Kr and Xe lattices.
D. Refining the 3 ⌺ state potential
The factor which plays the most important role in the ISC, and a possibility which must be considered, is the accuracy of the repulsive exponential functions in Table I used to represent the repulsive triplet 3 ⌺ 1 (p z ) curves of the Zn•RG diatomics. As mentioned in the Introduction, these curves have been determined by fitting analytic functions to the calculated ab initio points, but as pointed out by Kaup and Breckenridge, 11 the ab initio points are expected to be somewhat higher in energy than the true values. In their FIG. 5 . Energies of the spin singlet and triplet A and E states of the Zn-RG matrix systems as predicted for a Zn•RG 18 cluster. The vibrational mode shown is the body mode Q 2 which corresponds to the motion of the zinc atom out of the substitutional site occupied by the zinc atom in the ground 1 S 0 state (Rϭ0) and towards an adjacent octahedral interstitial site. Note how curve crossings between the bound 1 A 1 ͑solid curve͒ and the repulsive 3 E ͑dot-dash curve͒ curves occur for all the Zn-RG systems.
FIG. 6. Energies of the spin singlet and triplet
A and E states of the Zn-RG matrix systems as a function of the waist mode, Q 3 . This motion corresponds to the in-phase contraction of four nearest-neighbor rare-gas atoms towards the zinc atom. Rϭ0 pertains to the undistorted substitutional site occupied by the zinc atom in the ground 1 Table V , the matrix-ISC calculations were repeated, the results of which are presented in Figs. 7 and 8 for the body and waist modes, respectively. As shown in Fig. 7, 1 A 1 / 3 E curve crossing does not occur now for the body mode, Q 2 , of the Zn-Ar system. The crossing which occurs on the waist mode, Q 3 , is, as shown in Fig. 8 , at an energy 1694 cm Ϫ1 above that accessed in absorption (Rϭ0). Thus a 1 A 1 / 3 E curve crossing which will promote ISC after photoexcitation in the Zn-Ar matrix system does not occur. The situation in the Zn-Xe system is clear-cut, showing 1 A 1 / 3 E curve crossings for both modes in agreement with luminescence observations. A summary of the revised ISC predictions obtained with the less repulsive 3 ⌺ curve is shown in the two columns on the extreme right in Table IV. The situation for the Zn-Kr system is more complex in that the body mode does not show a crossing, Fig. 7 , while the waist mode, Fig. 8 , shows a crossing of the repulsive 3 E curve close to the energy minimum of the bound 1 A curve. It will be remembered that the weak 238 nm emission in the Zn-Kr system was assigned in Ref. 1 to the waist mode while the more intense 258 nm band was assigned to the body mode. Could it be that the difference in intensity of the two singlet bands in the Zn-Kr system is due, as predicted in the pair potentials calculations, to ISC promoted by the waist mode but not on the body mode? A problem which arises in this regard, however, is why the ISC in the Zn-Xe system is so much more efficient than that occurring for the same mode in the Zn-Kr system. To examine this difficulty in more detail, the singlet to triplet hopping probabilities are calculated in both systems.
E. Landau-Zener surface hoppings
Estimates of the 1 A 1 / 3 E surface hopping efficiencies are obtained from Landau-Zener ͑LZ͒ theory. The potential curves we calculate are diabats and in LZ theory the probability of staying on the original singlet ͓V1 A 1 (R), curve 1͔ diabat is obtained using the formula
in which is the nuclear velocity of the particles at the crossing point, r c , while F 1 and F 2 are the gradients of the spin singlet and triplet diabats at this point. For diatomic systems, the hopping probability between the two diabatic curves is P 12 ϭ2 P LZ (1ϪP LZ ) since two traversals of the crossing point occur. For a single pass through the crossing point, as is likely to be the case in a rapidly relaxing solidstate system, the hopping probability from the singlet ͓V1 A 1 (R), curve 1͔ to the triplet state potential ͓V3 E (R), curve 2͔ is 1Ϫ P LZ . The matrix element, V 12 2 , coupling the two potentials is derived from the spin-orbit coupling term whose magnitude depends firstly, on the metal atom considered and secondly, on the spatial symmetries of the interacting states. The spinorbit coupling constant, , of the 4s4p configuration of atomic zinc is 4p ϭ2(E3 P 2 ϪE3 P 0 )/3 which from Moore's Tables has a value As for diatomic molecules, the nuclear velocity, , at the crossing point can be obtained from the expression ϭͱ(2E Kin /) in which is the reduced mass and E Kin is the kinetic-energy obtained from the energy difference between the region of the singlet 1 A 1 potential accessed in FranckCondon absorption and the crossing point, r c . A question arises, however, in the case of a rapidly relaxing solid-state system, as to whether this is the correct choice of the nuclear FIG. 7 . Identical body mode calculations for the Zn-RG matrix systems as those shown in Fig. 5 , except that the repulsive exponential function for the 3 ⌺ state is less repulsive than the ab initio points used in the earlier plot ͑see Table V ''recommended'' potentials͒. Note how a 1 A 1 / 3 E curve crossing occurs now in the Zn-Xe system only. The lack of such a crossing in the Zn-Ar and Zn-Kr systems is consistent with the observation of strong singlet emissions at 238 and 258 nm in these two systems, respectively, both of which have been assigned in Ref. 1 to the body mode. velocity term. It seems unlikely that the total amount of kinetic energy will be available at the crossing point of the solid-state system as is the case for a gas-phase molecule.
Considering that the relaxation in the solid-state systems is facilitated by rapid energy transfer to phonon modes of the lattice, a more likely possibility is that the maximum kinetic energy available at the crossing point is the highest phonon frequency in the solid host, resulting in a much reduced nuclear velocity term Ј and a lower limit to the hopping probability. Estimates of the LZ hopping probabilities are obtained for both molecular and ''phonon'' velocities and the values are quoted in Table VI . Furthermore, instead of the reduced mass which appears in the velocity expression for diatomics, only the masses of the atoms undergoing motion in a particular vibrational mode are considered in the solid. In the waist mode Q 3 of the excited 1 A 1 electronic state of the Zn•RG 18 cluster used to represent the solid matrix, it is only the four nearest rare-gas neighbor atoms which are undergoing an in-phase vibrational motion. Similar to the a 1g vibrational mode of a square planar XY 4 , D 4h polyatomic 19 molecule, for which only the mass of one end Y atom is used to obtain the vibrational frequency, the effective reduced mass, Ј, for the waist mode in the solid-state Zn-Kr or Zn-Xe systems is simply the atomic mass of Kr or Xe.
Details of the 1 A 1 and 3 E state crossing points found for the waist mode Q 3 in the Zn-Kr and Zn-Xe systems are presented in Fig. 9 3 E state hoppings at the curve crossing found for the waist modes Q 3 in the Zn-Kr and Zn-Xe systems. ⌬F is the absolute value of the difference of the slopes, F 1 and F 2 whose values at the crossing points are shown in the panels on the right of Fig. 9 . K is the product of V 12 2 and the physical constants appearing in Eq. ͑5͒, while and Ј are the nuclear velocities calculated for molecular and solid-state systems, respectively; see text. Two sets of probabilities are shown for the two possible selections of the nuclear velocities. The underlined values are relevant to ISC in the solid state.
Zn-Kr
Zn-Xe The very large differences in ISC exhibited in the Zn-Kr and Zn-Xe systems is then clearly not arising because of the hopping probabilities which are calculated to be large in both systems. A closer examination of the crossing in the waist mode of the Zn-Kr system, top left panel of Fig. 9 Since, in the activated ISC process of Zn-Kr the crossing point is reached by thermal population of the low-energy phonon levels, then use of the standard LZ hopping probability, P 12 Ј ϭ2 P LZ Ј (1ϪP LZ Ј ) would seem appropriate, under these specific conditions. In this case the hopping probability found is 0.14, see Table VI , a value still consistent with efficient thermal quenching of the singlet fluorescence. In the Zn-Xe system, the 1 A 1 / 3 E crossing occurs before the energy minimum of the bound 1 A 1 state is reached. Thus, all the excited singlet state population relaxing after optical excitation will pass once through this crossing point, where the hopping probability is large, 1Ϫ P LZ Ј Ͼ0.99, and proceed along the 3 E surface to decay eventually as long lived tripletto-singlet emission.
IV. CONCLUSIONS
Predictions of Zn-RG matrix intersystem crossing based on 1 A 1 / 3 E curve crossings calculated using recommended 3 ⌺(p z ) Zn•RG state potentials are in good agreement with the luminescence observations. In the Zn-Ar system, where only singlet emission is observed, 1 A 1 / 3 E curve crossings do not occur for either body or waist modes. In the Zn-Xe system ISC is so efficient that only triplet emission is observed, and theory predicts that both modes show 1 A 1 / 3 E curve crossings. Indeed the theory appears not only to be able to explain the differences in the efficiency of ISC between the rare gases but also in the Zn-Kr system, between the two vibronic modes which determine the luminescence. The body mode in this system does not exhibit a crossing with the repulsive 3 E state and emits strongly at 258 nm, while the waist mode is crossed and emits weakly at 238 nm.
